INTRODUCTION {#SEC1}
============

HIV/AIDS afflicts 36.7 million people worldwide, and currently there is no vaccine or cure ([@B1],[@B2]). With the goal of eliminating latent reservoirs, it is necessary to develop new compounds that disrupt currently undrugged pathways of the viral lifecycle---particularly those targets with low levels of mutation across multiple HIV-1 clades ([@B3]). In these respects the HIV-1 TAR (*[t]{.ul}rans*-[a]{.ul}ctivation [r]{.ul}esponse) RNA element is attractive as a drug target because it exists in the 5′-noncoding regions of all viral mRNAs and resists mutations to maintain interactions with Tat (*trans*-activator of transcription) ([@B4]). The latter viral protein is essential to recruit the host\'s positive transcription elongation factor complex to TAR ([@B7]) (Figure [1A](#F1){ref-type="fig"}), leading to sustained proviral DNA transcription ([@B8]). TAR also serves as a pre-miRNA whose processed products block apoptosis of the infected cell, prolonging the viral lifespan in the host ([@B9]). For these reasons, ablation of the TAR--Tat interaction is viewed as a high-value therapeutic target since disruption would block activation of the proviral genome ([@B12]).

![Cartoon depicting the dependence of HIV-1 transcription upon the viral TAR--Tat interaction and overview of the 'semi design' approach that led to TBP6.7 (TAR-Binding Protein 6.7). (**A**) The viral *trans*-activation response (TAR) element RNA comprises lower (S1a) and upper (S1b) stems. The positive transcription elongation factor b (p-TEFb) comprising cyclin T1 (green) and CDK9 (red) is recruited to TAR by the HIV-1 protein Tat (purple), which binds the central RNA bulge allowing cyclin T1 to interact with the apical loop. The bound complex stimulates host RNA polymerase II (yellow) by phosphorylation to produce full-length viral transcripts from proviral DNA \[reviewed in ([@B12])\]. (**B**) A yeast-display approach was used to diversify putative RNA-binding amino acids in the β2--β3 loop and C-terminus of U1A RRM1 (RNA Recognition Motif 1, depicted as a blue ribbon); selection utilized labeled TAR (star) binding under increasingly stringent conditions ([@B21]). The resulting loop consensus sequence is shown (*right*) along with amino acids from U1A and TBP6.7---the tightest known TAR binder ([@B21]). R47 and R52 were unaltered to exploit their innate RNA binding potential.](gky529fig1){#F1}

Designing molecules with potent and selective recognition of RNA is an unsolved and important challenge ([@B13]). Due to its key significance in the HIV-1 lifecycle, TAR has been the focus of multiple drug discovery efforts utilizing small-molecules, peptides, and proteins ([@B14]). While these TAR-binding reagents have taught us much about RNA recognition and assisted in the development of RNA-targeting compounds, innovative discovery techniques are needed to generate new drugs with sufficient potency and selectivity to warrant development ([@B20]). To identify such molecules, we undertook a fundamentally different 'semi-design' strategy that uses laboratory evolution to alter putative RNA-binding amino acids within a known protein ([@B21]). Starting from the extraordinarily tight interaction (*K*~D,App~ of 32 pM) between hairpin II of the U1 snRNA and RRM1 (RNA recognition motif 1) of the U1A protein ([@B22],[@B23]), we performed saturation mutagenesis in the RRM β2--β3 loop and C-terminus (Figure [1B](#F1){ref-type="fig"}). The resulting protein library was then subjected to yeast-display screening, and desired [T]{.ul}AR-[B]{.ul}inding [P]{.ul}roteins (TBPs) were identified by flow cytometry ([@B21]). Variant TBP6.7 exhibits extraordinarily tight TAR affinity (*K*~D,App~ of 2.5 ± 0.1 nM), impairs TAR binding to a previously reported Tat peptide, and attenuates Tat-dependent transcription. However, the chemical determinants of TAR binding by TBP6.7 remained unknown, despite their potential to yield unique insights into molecular recognition. RNA recognition possibilities included readout by the unaltered RRM binding motifs (i.e. RNP1 and RNP2) present in parental U1A ([@B23]), the evolved β2--β3 loop, the evolved C-terminus, or combinations thereof ([@B21]).

To understand the underlying molecular basis of the TAR--TBP6.7 interaction, we determined the high-resolution co-crystal structure of the complex at 1.80 Å-resolution. The results revealed that a subset of RNP residues as well as evolved amino acids of the β2--β3 loop confer an unprecedented mode of TAR recognition. In contrast, the evolved C-terminus exhibited no RNA binding. Mutagenesis, isothermal titration calorimetry (ITC), and molecular dynamics (MD) simulations support the hypothesis that a short peptide harboring the evolved β2--β3 loop is sufficient for TAR recognition. This was confirmed by the observation that fusion proteins containing the evolved loop retain TAR binding, and conformationally constrained peptides comprising the β2--β3 loop retain TAR binding and significantly weaken Tat-dependent transcription. The results have implications for HIV-1/AIDS research that seeks to suppress latent viral reservoirs by blocking proviral DNA transcription, leading to a functional cure ([@B24]). Our findings further demonstrate that our lab-evolution approach can be used to distill the RRM fold into a standalone RNA-recognition peptide. This advance is considered in the context of natural examples of molecular exaptation, whereby an existing biomolecular scaffold is co-opted for a new biological function.

MATERIALS AND METHODS {#SEC2}
=====================

Expression and purification of TBP6.7 {#SEC2-1}
-------------------------------------

TBP6.7 was identified previously in our lab ([@B21]). TBP6.7 DNA was prepared as a synthetic gene (GeneScript Inc) comprising the human U1A sequence, yeast-display mutants ([@B21]), and Y31H/Q36R integrated for crystallization ([@B25]). After sub-cloning into pET28a(+) (Novagen) the thrombin site was modified by PCR to utilize TEV protease to cleave the N-terminal linker (ENLYFQ/G) ([Supplementary Tables S2 and S3](#sup1){ref-type="supplementary-material"}). Point mutations were incorporated using the Q5 kit as described by the manufacturer (NEB) with primers from IDT ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}). Protein expression in *Escherichia coli* BL21(DE3) (NEB) was induced by 0.5 mM IPTG in LB at 20 °C. Cells were harvested after 4 h and pellets were frozen in N~2~(*l*). Cells were thawed in a cell lysis buffer (CLB): 0.05 M Na-HEPES pH 7.5, 0.5 M NaCl, 0.02 M imidazole pH 8.0, 0.0005 M EDTA, 0.005 M β-ME and 0.01% (v/v) Brij35; the cell slurry was made 2 mg ml^−1^ in lysozyme (VWR). After 20 min, cells were sonicated and the clarified supernatant was applied in batch to Ni-NTA resin (Pierce) equilibrated with CLB. After 2 h of nutation at 4 °C, resin was poured into a 1.5 cm × 10 cm gravity-flow column (CrystalCruz), washed with 40 column volumes of CLB, and two column volumes of wash buffer (WB): 0.05 M Na-HEPES pH 7.0, 0.3 M NaCl, 0.04 M imidazole pH 7.5, 0.005 M EDTA, 0.005 M β-ME and 0.01% (v/v) Brij35. Elution was in 3 ml fractions using elution buffer (EB): 0.15 M NaCl and 0.2 M imidazole pH 7.5. Fractions with 280 nm absorption were pooled and diluted with EB to a final imidazole concentration \<0.02 M. TEV ([@B26]) was added (1:100 TEV:TBP) and the mixture was incubated at 4 °C. After 16 h, the reaction was incubated in batch with pre-equilibrated Ni-NTA, and supernatant was collected. Protein was loaded with an ÄKTA Pure (GE Lifesciences) at 0.5 ml min^−1^ onto a 5 ml HiTrap SP FF column (GE), followed by a linear gradient comprising: 0.15--0.85 M NaCl, 0.05 M Na-HEPES pH 7.0, 0.0025 M EDTA and 0.00025 M β-ME; TBP6.7 elutes at ∼70% as a sharp peak. The concentrated protein is polished on a HiPrep (16/60) Sephacryl S-300 HR column (GE Lifesciences). TBP6.7 (*M*~r~ of 11.5 kDa) exhibits higher retention than predicted by its *M*~r~, eluting at or \>1 CV. The yield is 2--3 mg l^−1^ of cells. Mutants ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) were purified similarly.

Isothermal titration calorimetry {#SEC2-2}
--------------------------------

TAR 27-mer (Figure [2C](#F2){ref-type="fig"}) was produced by chemical synthesis (Dharmacon) and purified by denaturing gel electrophoresis ([@B27]). Lyophilized RNA was suspended in 0.01 M Na-HEPES pH 7.5 and heated at 65 °C. After 3 min, ITC buffer (0.05 M Na-HEPES pH 7.5, 0.05 M NaCl, 0.05 M KCl, 0.002 M MgCl~2~ and 0.002 M 2-mercaptoethanol) at 65 °C was pipetted into the RNA, followed by 2 min at 65 °C. The sample was cooled overnight to room temperature. ITC measurements were conducted using a VP-ITC (MicroCal) ([@B28]) with protein in the syringe and RNA in the cell. Each sample was dialyzed at 4 °C overnight against 4 l of ITC buffer. RNA was diluted with dialysis buffer to 8.0--11.4 μM for R49A, 14.4--17.0 μM for R47A and R52A, and 2.0--3.9 μM for titrations with wild-type, other mutants, or 2-aminopurine (2AP)-TAR. Experiments were conducted at 20 °C unless noted. Following co-dialysis with RNA, protein samples were diluted in dialysis buffer to concentrations ∼10-fold higher than RNA. Thermograms were analyzed with Origin 7.0 (MicroCal) using a 1:1 binding model. Average thermodynamic parameters and representative curve fits are provided ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Crystallization and X-ray data collection {#SEC2-3}
-----------------------------------------

TAR RNA (prepared as described above) was suspended in 0.01 M Na-HEPES pH 7.5 to a concentration of 0.4 mM and heated at 65 °C. After 3 min, the RNA was diluted 10-fold with folding buffer (0.01 M Na-HEPES pH 7.5, 0.05 M NaCl and 0.002 M MgCl~2~) and incubated at 65 °C for 2 min. The RNA was cooled overnight to room temperature. TBP6.7 was titrated drop-wise into folded RNA at a 1.2:1 molar ratio (48 μM protein to equal volume of 40 μM RNA) with vortexing. The mixture was incubated at room temperature for 0.5 h and concentrated to 10--12 mg ml^−1^ based on 280 nm absorption using a Nanosep 3K Omega spin-filter (PALL); the final complex was 0.2 μm filtered (Millex, EMD). Crystals were prepared by vapor diffusion in which an equal volume of well solution (0.05 M Na-cacodylate pH 7.0, 0.1 M NaCl, 0.002 M (NH~4~)~2~SO~4~ and 17% (w/v) of PEG-MME 5K) was added to 1.5 μl of TAR--TBP6.7 complex with equilibration over 1 ml of well solution at 20 °C. Crystals grew within 72 h producing a half-octagon habit that reached 0.12 mm × 0.07 mm × 0.04 mm in 1 week. Cryo-protection was by serial transfer into well solution supplemented with 5--20% (v/v) glycerol followed by snap cooling in N~2~(*l*). X-ray data were recorded at the Stanford Synchrotron Radiation Lightsource (Table [1](#tbl1){ref-type="table"}).

###### 

X-ray diffraction and refinement statistics

  -------------------------------------------- --------------
  **Data collection** ^a^                      
  Space group                                  *P*4~3~2~1~2
  Cell constants                               
  *a = b, c* (Å)                               40.4, 284.6
  α = β = γ (°)                                90.0
  Resolution (Å)                               38.90--1.80
                                               (1.83--1.80)
  *R* ~p.i.m.~ (%)^b^                          2.6 (45.1)
  CC1/2 (%)^c^                                 98.7 (69.2)
  I/σ(I)                                       19.9 (1.8)
  Complete (%)                                 99.4 (91.8)
  Redundancy                                   8.8 (7.9)
  **Refinement**                               
  Resolution (Å)                               37.2--1.80
  No. reflections                              23 297
  *R* ~work~ */R* ~free~ (%)                   18.9/22.1
  [No. atoms]{.ul}                             
  Protein                                      746
  RNA                                          572
  Solvent                                      153
  *[B]{.ul}* [-factors (Å]{.ul} ^2^ [)]{.ul}   
  Protein                                      39
  RNA                                          44
  Waters                                       47
  [R.M.S. deviations]{.ul}                     
  Bonds (Å)                                    0.005
  Angles (°)                                   0.759
  Clash score^d^                               0.4
  [Ramachandran (%)]{.ul}                      
  Allowed                                      100.0
  Outliers                                     0.0
  Coord. error^e^ (Å)                          0.21
  -------------------------------------------- --------------

^a^ X-ray data collection (λ = 0.9795) was conducted remotely at beamline 12-2 of the Stanford Synchrotron Radiation Lightsource (SSRL, Menlo Park, CA, USA) using Blu-Ice software and the Stanford Auto-Mounter ([@B50]).
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^c^ The Pearson correlation coefficient calculated for the average intensities resulting from division of the unmerged data into two parts, each containing half of the measurements selected at random for each unique reflection ([@B54]).

^d^ Number of unfavorable all-atom steric overlaps ≥0.4 Å per 1000 atoms ([@B55]).

^e^ Coordinate error as implemented in PHENIX ([@B29]).

Phase determination, refinement and analysis {#SEC2-4}
--------------------------------------------

The structure was determined by molecular replacement in PHENIX ([@B29],[@B30]) starting from U1A RRM1 ([@B23]) devoid of RNA. The initial TBP6.7 model was generated by Phenix.autobuild ([@B29]), although TAR required manual building in Coot ([@B31]) with intervening cycles of Phenix.refine ([@B29]). This iterative approach converged on *R*~cryst~/*R*~work~/*R*~free~ values of 19.1%/18.9%/22.1% to 1.80 Å resolution (Table [1](#tbl1){ref-type="table"}). An unbiased electron density map envelops all TAR nucleotides and the TBP6.7 core ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}) indicating the quality of the refined structure. Reduced-bias omit maps demonstrate atomistic features that define placement of R47, R49\* and R52 side-chain rotamers and opposing bases ([Supplementary Figure S1B--D](#sup1){ref-type="supplementary-material"}). These features are representative of the high-quality model that defines the TBP6.7--TAR interface. The accompanying quality indicators (Table [1](#tbl1){ref-type="table"}) provide confidence that the coordinates accurately describe the molecular details of protein-mediated TAR recognition. All cartoons, schematic diagrams and movies derived from coordinates were produced in PYMOL (Schrödinger, LLC). Cα superposition and *S*~c~ analysis were performed in CCP4 ([@B32],[@B33]).

Molecular dynamics simulations {#SEC2-5}
------------------------------

MD simulations were conducted on the TBP6.7--TAR complex, the TAR-(β2--β3-loop) peptide comprising residues L41 to F59 (Figure [4A](#F4){ref-type="fig"}), and isolated TAR RNA. The Amber 14 simulation package ([@B34]) was used to solvate crystallographic coordinates, or subsets thereof, in a box of OPC water ([@B35]) with 150 mM KCl. Starting coordinates were energy minimized using 500 steps each of steepest descent and conjugate gradient minimization with 25 kcal mol^−1^ Å^−2^ positional restraints on solute atoms. Then, 10 cycles of alternating between minimization with decreasing positional restraints on the solute atoms and NVT dynamics were performed. After 250 ns of NPT equilibration, production dynamics simulations were performed using the AMBER ff14SB ([@B36]) force field in the NPT ensemble with periodic boundary conditions, a time step of 2 fs, and a direct space cutoff of 10.0 Å for nonbonded interactions. Bond lengths for covalent bonds involving hydrogen were constrained using the RATTLE algorithm ([@B39]). Temperature was maintained at 300 K using a Langevin thermostat with a collision frequency of 1 ps^−1^, and pressure was maintained at 1 atm using a Monte Carlo barostat. Simulations were performed on Nvidia Tesla K20X GPU cards. Six trajectories each of TAR--TBP6.7, TAR--(β2--β3-loop) peptide, and free TAR were each run for 4 μs for an aggregate time of 72 μs. For simulations of TAR--(β2--β3-loop) peptide, the distance between the terminal carbon atoms of the β2--β3 loop was restrained using a harmonic restraint with a force constant of 250 kcal mol^−1^ Å^−2^ (roughly the strength of a covalent bond) to mimic peptide cyclization. Analysis of simulation interactions was performed using custom tools developed using the LOOS software ([@B40]).

Bacterial display and flow cytometry {#SEC2-6}
------------------------------------

The β2--β3-loop peptide sequence of TBP6.7 (Figure [4A](#F4){ref-type="fig"}) was cloned into the pB33eCPX construct ([@B41]) (AddGene) using restriction enzymes *Nde*I and *Xho*I (NEB), downstream of an in-frame *myc* tag and transformed into 5-alpha competent *E. coli* cells (NEB). The eCPX-β2--β3-loop plasmid DNA was purified by miniprep (Omega) and ∼200 ng were used to electroporate *E. coli* MC1061 F^−^ cells (Lucigen) in 1 mm electroporation cuvettes (Fisher). Cells were grown in 50 ml LB (Fisher) containing 12.5 μg ml^−1^ chloramphenicol (GoldBio Technology) at 37 °C to an OD~600~ of 0.5 and induced overnight with 0.1% arabinose at 25 °C. ∼5 *×* 10^8^ cells were pelleted (7300 × *g*) for 5 min at 4 °C, then washed with ice-cold CellGro PBS 1× (Corning). Cells were incubated with 100 nM Cy5-labeled TAR RNA (IDT) (annealed by heating at 95 °C for 2 min, followed by plunging into ice) and 1:1000-fold diluted FITC-conjugated anti-cMyc antibody (Abcam) with rotating at 4 °C in 1 ml PBS for 1 h. Cells were pelleted and washed once with ice-cold PBS. RNA-binding (Cy5 fluorescence) and display (FITC fluorescence) were measured using a CyAn ADP flow cytometer (Beckman-Coulter). All flow data were analyzed and plotted using FlowJo 10.3.

Preparation of TBP6.7, SUMO and SUMO-β2--β3 for ELISA or transcription {#SEC2-7}
----------------------------------------------------------------------

Protein sequences are provided in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. Plasmids containing appropriate DNA sequences ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) were sub-cloned into a pET plasmid and transformed into *E. coli* BL21(DE3) (NEB). Cells were grown in 0.5 l cultures of LB (Fisher) containing 100 μg ml^−1^ carbenicillin (GoldBio Technology) to an OD~600~ of ∼0.6 and induced with 1 mM IPTG (Thermo Scientific) at 25 °C for 4--12 h. Cells were harvested by centrifugation (5000 × *g*, 10 min), resuspended in Buffer 1 (10 mM HEPES pH 7.4, 50 mM KCl, 30 mM NaCl, 1 mM MgCl~2~ and 1 mM EDTA) prepared with cOmplete ULTRA Protease Inhibitor Tablets (Roche) and stored at −20 °C. For lysis, frozen cell suspensions were thawed and sonicated for 2 min. The lysate was cleared by centrifugation (9000 × *g*, 20 min) and the supernatant was mixed with 0.75 ml of Ni-NTA agarose (Fisher) for 10 min. The resin was sedimented by low-speed centrifugation for 5 min. Resin was washed with 30 ml of Buffer 1 containing 0.02 M imidazole, followed by a 10 ml wash with Buffer 1 containing 0.05 M imidazole. Proteins were eluted using 2 ml of Buffer 1 containing 0.4 M imidazole. Eluted protein was dialyzed in 10K MWCO dialysis tubing (Thermo Scientific) against 2 l of Buffer 1, and then against 2 l of PBS (20 mM phosphate pH 7.4 and 0.15 M NaCl). Purified proteins were quantified by absorbance at 280 nm using the calculated extinction coefficient. SUMO and the SUMO-β2--β3 fusion protein were prepared in an identical manner except that Buffer 1 was replaced with PBS.

ELISA {#SEC2-8}
-----

ELISA was performed using clear, 5 picomole well^−1^ streptavidin-coated 96-well plates (Pierce). The plate was pre-incubated for 1 h with wash buffer (20 mM phosphate pH 7.4, 150 mM NaCl, 0.05% Tween-20 and 0.1 mg ml^−1^ BSA). During pre-incubation 100 μl of TAR (5′-GGC AGA UCU GAG CCU GGG AGC UCU CUG CC-3′) or CUG~10~ (5′-CCG CUG CUG CUG CUG CUG CUG CUG CUG CUG CUG GGC-3′) RNA modified with a 5′-biotin (IDT) was incubated in 100 μl of buffer with 1 μM of either SUMO-β2--β3 loop or SUMO ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) for 1 h, rotating at 4 °C. The pre-incubation buffer was removed from the ELISA plate and the RNA--protein mixture was incubated on the plate for 2 h. Wells were then washed 3× with 200 μl of wash buffer with shaking for 5 min. Next, a 1:10 000 dilution of HRP-conjugated anti-FLAG antibody (Abcam, ab2493) was made with Odyssey Blocking Buffer (Li-Cor) and 100 μl was incubated in each well for 30 min at 25 °C; each well was then washed 4×. Colorimetry was developed for 20 min using 100 μl of TMB-One substrate (Promega). Absorbance was measured at 655 nm on a plate reader. ELISA experiments were repeated in triplicate.

General reagent information for synthesis of constrained peptide 1 {#SEC2-9}
------------------------------------------------------------------

1-\[Bis(dimethylamino)-methylene\]-1H-1,2,3-triazolo\[4,5-b\] pyridinium 3-oxide hexafluorophosphate (HATU) and Fmoc-[l]{.smallcaps}-amino acids were purchased from Chem-Impex International (Wood Dale, IL). H-Rink Amide ChemMatrix resin was obtained from PCAS BioMatrix Inc. (Quebec, Canada). Peptide synthesis-grade *N*,*N*′-dimethylformamide (DMF), dichloromethane (CH~2~Cl~2~), diethyl ether and HPLC-grade acetonitrile were obtained from VWR International (Philadelphia, PA). Decafluorobiphenyl was from Oakwood Chemicals (West Columbia, SC).

Synthesis of constrained *peptide* 1 and 1s {#SEC2-10}
-------------------------------------------

*Peptide* **1** (NH~2~-CLDILVPRQRTPRGQAFVIC-CONH~2~) and *peptide***1s** (NH~2~-CVPRQRTPRGQAC-CONH~2~) containing two free cysteines (Figure [4D](#F4){ref-type="fig"} and [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}) were each synthesized on a 0.1 mmol scale on H-Rink Amide ChemMatrix resin. Solid-phase peptide synthesis was carried out on a synthesizer for automated flow peptide synthesis ([@B42]). After completion, the resin was washed thoroughly with CH~2~Cl~2~ and dried under vacuum. The resin was transferred to a 50-ml plastic tube and the peptide was cleaved simultaneously from the resin while the side-chain was deprotected by treatment with 2.5% (v/v) water, 2.5% (v/v) 1,2-ethanedithiol and 1% (*v/v*) triisopropylsilane in neat trifluoroacetic acid (TFA) for 2 h at room temperature. The resulting peptide-containing solution was triturated and washed 2× with cold diethyl ether (pre-chilled at −80 °C). A gummy-like solid was dissolved in 50% H~2~O:50% acetonitrile containing 0.1% TFA and lyophilized to yield the crude peptide. The peptide was reacted with decafluorobiphenyl in DMF for macrocyclization ([@B43],[@B44]). The reaction mixture in DMF was quenched by water containing 0.5% TFA for 1:10 dilution, filtered and then purified by Reverse Phase HPLC (RP-HPLC). The solvent compositions for RP-HPLC purification were water with 0.1% TFA (solvent A) and acetonitrile with 0.1% TFA (solvent B). The diluted crude mixture was injected directly into an Agilent 1260 Infinity Automated LC/MS Purification System with a semi-preparative Agilent Zorbax 300SB C3 Reverse Phase-HPLC column (21.2 mm × 250 mm, 7 μm) operated with a linear gradient of 5−65% B over 82 min at a 4 ml min^−1^ flow rate. Fraction purity was assessed by LC--MS. Fractions containing pure, cyclized peptide were combined and lyophilized.

LC--MS analysis of constrained peptides {#SEC2-11}
---------------------------------------

LC--MS chromatograms and associated mass spectra were acquired using an Agilent 6520 ESI-Q-TOF mass spectrometer. Mobile phases used for LC--MS analysis were: solvent C (0.1% formic acid in water) and solvent D (0.1% formic acid in acetonitrile). LC utilized a Zorbax 300SB C3 column (2.1 mm × 150 mm, 5 μm) with a column temperature set at 40°C and a flow rate of 0.8 ml min^−1^. The gradient was: 0--2 min 5% D; 2--14 min 5--95% D; and 14--15 min 95% D. MS conditions were: positive electrospray ionization (ESI) extended dynamic mode in mass range 300--3000 *m/z*; temperature of drying gas equals 350°C; flow rate of drying gas equals 11 l min^−1^; pressure of nebulizer gas equals 60 psi; the capillary, fragmentor, and octupole rf voltages were set at 4000, 175 and 750 V. LC--MS characterization of each peptide product is shown in [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}.

Fluorescence emission analysis of TAR binding to *peptide* 1 {#SEC2-12}
------------------------------------------------------------

Fluorescence measurements were conducted at 24 °C by titrating concentrated peptide in FL buffer (0.050 M Na-HEPES pH 7.5, 0.050 M NaCl, 0.050 M KCl and 0.002 M MgCl~2~) into 500 μl 100 nM TAR RNA 31-mer labeled with 2-aminopurine (2AP) at position 24 \[5′-CGG CAG AU(2AP) UGA GCC UGG GAG CUC UCU GCC G-3′\]. The 2AP-RNA was purified by denaturing PAGE and folded as described (above). The excitation wavelength for 2AP was 320 nm and changes in emission were recorded at 390 nm as described ([@B45]) using a Fluoromax-3 fluorometer (Horiba Scientific). Data were fit to a one-site binding model, as described for TBP6.7 binding to (2AP)-TAR ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}).

Transcription assay {#SEC2-13}
-------------------

A previously described transcription assay ([@B46]) was used to evaluate *peptide***1s** or TBP6.7 for functional suppression of TAR--Tat-dependent transcription of HIV-1 genomic DNA. A DNA fragment (-477 to +568) comprising the HIV 5′-LTR was PCR amplified from plasmid pLAI-BS (courtesy of Gerald Joyce, Scripps) (forward primer: TCTAGAACTAGTGGATCTG; reverse primer: GCTACAACCATCCCTTCAGAC). *In vitro* transcription was performed in a 30 μl reaction containing 18 μl of HeLa nuclear lysate (Promega) in 20 mM HEPES, 80 mM KCl, 3 mM MgCl~2~, 2 mM DTT, 10 μM ZnCl~2~, 10 mM creatine phosphate (Sigma-Aldrich), 1 μg creatine kinase (Sigma-Aldrich), 250 μM each of GTP, ATP and CTP, 50 μM UTP (Thermo), 15 U rRNasin (Promega), and 10 μCi \[α-^32^P\]UTP (PerkinElmer). Assays were conducted in the absence or presence of various *peptide***1s** concentrations or 10 μM TBP6.7 (Figure [4F](#F4){ref-type="fig"}, [G](#F4){ref-type="fig"}). Recombinant HIV-I Tat (ProSpec) was added to initiate transcription; TBP6.7 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) was prepared as described (above). The reactions were incubated for 1 h at 37 °C, and quenched by addition of 370 μl HSCB buffer (25 mM Tris--HCl pH 7.5, 400 mM NaCl and 0.1% SDS) containing 60 μg glycogen and a 120-base radiolabeled RNA was added as a loading control. Proteins were extracted using phenol/chloroform/isoamyl alcohol, and nucleic acids were ethanol precipitated. Nucleic acids were resuspended in RNA loading dye, and separated via denaturing gel electrophoresis. Gels were exposed to a phosphor screen and visualized with a Typhoon imager (GE Lifesciences).

Statistical analysis {#SEC2-14}
--------------------

Unpaired, two-tailed *t* tests were performed with a Welch correction on data obtained from three separate transcription assays comparing untreated to inhibitor-treated conditions (Figure [4F](#F4){ref-type="fig"}). The analysis was performed using Prism (GraphPad Software). The *t* values were: 4.82 (2) for 100 μM *peptide***1**, 5.83 (2) for 10 μM *peptide***1**, 4.07 (2) for 2 μM *peptide***1**; and 8.55 (2) for 10 μM TBP6.7. Parenthetical values indicate degrees of freedom.

Sequence conservation analysis of HIV-1 TAR RNA {#SEC2-15}
-----------------------------------------------

All complete HIV-1 genome sequences available at the time of writing were retrieved from <http://www.hiv.lanl.gov/> using the Web Alignments option. This produced 406 dissimilar sequences representative of common viral groups, sub-groups, and circulating recombinant forms (CRFs). These sequences were aligned in the 5′ LTR from 471 to 497 and used as input for web-logo ([@B49]). Conservation was rendered in PYMOL (Schrödinger, LLC) as a heat map on a cartoon of the TAR--TBP6.7 co-crystal structure by reassignment of the PDB temperature factors according to the web-logo probability multiplied by 100. The resulting backbone provided a reference to exactly match the web-logo graphic colors using Adobe Illustrator (CS5.1). Highest conservation is depicted in dark blue and lowest is red (Figure [5A](#F5){ref-type="fig"}). The analysis should be interpreted such that invariant Gua26, Gua28 and Gua36 are recognized by arginines in the β2--β3 loop. Uri23 engages in a long-range base triple interaction (Uri23•Ade27-U38) that is also invariant. Cyt24 is conserved poorly (*yellow*), and is deleted (Δ) in ∼5% of sequences, such as the A1 CRF. Uri25 is also poorly conserved (*red*) with ∼9% deletion in various CRFs (e.g. A1, AB, AE and AU).

RESULTS {#SEC3}
=======

Structural analysis of the HIV TAR--TBP6.7 complex {#SEC3-1}
--------------------------------------------------

To define the molecular details by which TBP6.7 recognizes TAR, we determined the co-crystal structure (Table [1](#tbl1){ref-type="table"}, [Supplementary Figure S1A-D](#sup1){ref-type="supplementary-material"}, and Materials and Methods). In complex with TBP6.7, TAR exhibits several architectural features consistent with solution studies of small ligands bound to the RNA. Hallmarks include stems S1a and S1b interrupted by the major-groove Uri23•Ade27-Uri38 triplex, flanked by a bulge that extrudes Cyt24 and Uri25 from its core (Figure [2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"} and [Supplementary Movie S1](#sup1){ref-type="supplementary-material"}). These characteristics are consistent with NMR analyses ([@B17],[@B18]) and persist on a μs timescale in our MD simulations ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"} and [Supplementary Movie S2](#sup1){ref-type="supplementary-material"}). Conversely, MD simulations conducted on apo-state TAR showed rapid dissolution of the triple ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"} and [Supplementary Movie S3](#sup1){ref-type="supplementary-material"}) concurring with ligand-free NMR analyses ([@B56]). Another hallmark of TAR is that the apical hexaloop interconverts between minor and major conformations ([@B61]). In the latter, Uri31, Gua32 and Ade35 are flexible with adenine extruded ([@B61]). This is again mostly consistent with our co-crystal structure wherein Ade35 projects away from the hexaloop, whereas Gua32 and Uri31 stack on Cyt30 (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"} and [Supplementary Movie S1](#sup1){ref-type="supplementary-material"}). Although unrepresented in solution ensembles of TAR-peptide complexes ([@B17],[@B18]), the TAR--TBP6.7 co-crystal structure exhibits a canonical cross-loop Cyt30-Gua34 pair (Figure [2C](#F2){ref-type="fig"}, [E](#F2){ref-type="fig"}) supported by chemical modification experiments, NMR assignments, sequence conservation, and cyclin-T1 binding requirements ([@B61],[@B64]). MD simulations indicate that Cyt30--Gua34 pairing is stable ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}), although transient dissolution and spontaneous reformation are seen for the TBP6.7-bound and apo states. Nonetheless, the interaction appears to be a stable feature of the RNA conformational landscape ([Supplementary Movie S2](#sup1){ref-type="supplementary-material"}). In one trajectory, Ade35 makes an excursion into the apical loop to displace Gua34 and interact with Cyt30 ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}, *right*, purple lines of trajectory four), agreeing with a low population state observed by NMR ([@B61]). A likely site of conformational variation is extruded base Gua33, which forms a crystal contact with Cyt24 of the bulged loop from a neighboring molecule ([Supplementary Figure S1E, F](#sup1){ref-type="supplementary-material"}). Neither base stacks appreciably inside the apical loop or bulged loop core on the timescale of MD simulations ([Supplementary Movies S2 and S3](#sup1){ref-type="supplementary-material"}) and this contact does not influence TBP6.7 binding.

![Ribbon and schematic diagrams depicting the HIV-1 TAR--TBP6.7 complex of this investigation and parental U1hpII-U1A. (**A**) Global view of the co-crystal structure depicting the TBP6.7 RRM domain (blue) engaging TAR RNA (purple) in upper helical stem S1b. Arginines of the β2--β3 loop that provide the principal determinants of TAR binding are depicted as ball-and-stick models (orange); similar depictions are provided for conserved RRM amino acids known as RNP2 (Y13) and RNP1 (R52, Q54 and F56). (**B**) Global view of the structure in A rotated +90°, providing a view looking through the apical loop and down the helical axis. The TBP6.7 β2--β3 loop penetrates deeply into the TAR major groove. (**C**) Schematic diagram depicting interactions between TBP6.7 and TAR based on the co-crystal structure. Henceforth asterisks (\*) indicate lab-evolved TBP6.7 residues depicted in Figure [1B](#F1){ref-type="fig"}. (**D**) Close-up of the TAR Uri23•Ade27-Uri38 major-groove base triple and the central bulge that interrupts stems S1a and S1b. Dashed lines joining ball-and-stick models represent putative hydrogen bonds unless noted otherwise. (**E**) Close-up view of the apical hexaloop and interface with the S1b closing base pair. (**F**) Global view of the U1hpII-U1A complex ([@B23]) oriented and colored as in A. U1A binds U1hpII primarily within the single-stranded region of the upper loop.](gky529fig2){#F2}

Comparison of the TBP6.7 fold to that of U1A reveals that the evolved protein adopts the same mixed α/β architecture as parental RRM1 (Figure [2A,F](#F2){ref-type="fig"}). A Cα superposition produced a modest rmsd of 1.1 Å, but local conformational differences are apparent. The greatest variations include the β2--β3 loop (46--51, rmsd 3.9 Å) and the C-terminus (91--95, rmsd 3.6 Å), which were each subjected to saturation mutagenesis to achieve TAR binding ([@B21]). When oriented similarly it is evident that TBP6.7 and U1A engage their RNA targets in extraordinarily different ways (Figure [2A,F](#F2){ref-type="fig"}). Whereas TBP6.7 binds TAR in the S1b duplex, U1A recognizes the distinctly single-stranded loop of U1hpII between Ade66 and Cyt72 ([@B23]). Despite fundamentally different modes of engagement, TBP6.7 buries 1555 Å^2^ in its protein-RNA interface, which is only 278 Å^2^ less than the U1A--hpII complex. Importantly, the co-crystal structure reveals that numerous contacts to TAR originate in the β2--β3 loop (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"}), which yielded a clear consensus during selection that departs from U1A (Figure [1B](#F1){ref-type="fig"}). Unexpectedly, the evolved C-terminus of TBP6.7 is devoid of TAR contacts, implying that the minimal lab-evolved β2--β3 loop is operative in the new mode of RNA binding.

TBP6.7 uses a single-stranded RNA recognition motif to recognize double-stranded RNA {#SEC3-2}
------------------------------------------------------------------------------------

Because TBP6.7 maintains the classical RRM fold, we asked if it uses the conserved RNP motifs to bind double-stranded S1b of TAR, since these amino acids were unaltered in our approach ([@B21]). This point is especially significant because RNP residues function classically in single-stranded RNA recognition ([@B69]). In the U1A--U1hpII complex, RNA bases stack upon aromatic RNP side chains to provide affinity and recognition ([@B23],[@B70]); Y13 of RNP2 and F56 of RNP1 stack on bases Cyt70 and Ade71 (Figure [2F](#F2){ref-type="fig"} and [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). In contrast, Y13 of TBP6.7 stacks on Ade35, but F56 does not engage TAR due to a lack of bulged bases flanking S1b (Figure [2A](#F2){ref-type="fig"} and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Conversely, the Q54 amide of U1A RNP1 approaches the 2′-OH of Gua69 in U1hpII without interacting, whereas Q54 Nδ of TBP6.7 hydrogen bonds to the 2′-OH of Gua34 in TAR ([Supplementary Figure S3A,B](#sup1){ref-type="supplementary-material"}), consistent with its RNA readout role in other RRMs ([@B69]). Finally, R52 of RNP1 recognizes the Hoogsteen edge of loop-closing pair Gua76-Cyt65 in U1hpII, as well as Gua36 in TAR ([Supplementary Figure S3C,D](#sup1){ref-type="supplementary-material"}). The former interaction is the only instance of arginine-mediated base readout by U1A, although its simultaneous recognition of Ade66 N1 yields a non-optimal, inclined guanidinium-guanine interaction. A key finding is that TBP6.7 still utilizes a subset of RNP amino acids to bind TAR, but affinity and specificity appear to arise primarily from the lab-evolved β2--β3 loop, distinguishing it from U1A and other RRMs ([@B69]).

A trio of arginines in the lab-evolved β2--β3 loop reads the TAR major groove {#SEC3-3}
-----------------------------------------------------------------------------

Thermodynamic analysis of the TAR--TBP6.7 complex reveals that binding is enthalpy-driven (Δ*H* of −25 ± 0.2 kcal mol^−1^) with an unfavorable entropy (−*T*Δ*S* of 13.5 ± 0.2 kcal mol^−1^) that yields a *K*~D,App~ of 2.5 ± 0.1 nM ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Analysis of the co-crystal structure suggested that binding interactions can be parsed into four groups: (i) arginines in the β2--β3 loop that read guanine to impart specificity; (ii) β2--β3-loop residues that interact with phosphate or 2′-OH groups; (iii) evolved protein--protein interactions that stabilize the β2--β3 loop; and (iv) interactions outside the β2--β3 loop. To test the energetic contributions of each, we prepared TBP6.7 point mutants and evaluated them for TAR binding.

Of the arginines in the β2--β3 loop (Figure [1B](#F1){ref-type="fig"}), R52 makes the fewest TAR contacts, making it straightforward to evaluate its binding contributions. Its guanidinium moiety donates hydrogen bonds from NH1 and NH2 to atoms N7 and O6 of Gua36 (Figure [3A](#F3){ref-type="fig"} and [Supplementary Movie S4](#sup1){ref-type="supplementary-material"}), while forming a cation--π interaction with Gua34 of the apical loop ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). Accordingly, the R52A mutation reduced binding by a factor of 116 (ΔΔ*G*° of +2.8 kcal mol^−1^) ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). R49\* is the only arginine in the β2--β3 loop that resulted from yeast display (Figure [1B](#F1){ref-type="fig"}). This side-chain makes an equal number of contacts to TAR compared to R52, but the modes of interaction are different. The guanidinium group not only makes a hydrogen bond that recognizes N7 of Gua28, but also forms a salt-bridge to the nucleotide\'s *pro-R*~p~ oxygen while engaging in a cation--π contact to Ade27 (Figure [3B](#F3){ref-type="fig"}, [Supplementary Figure S5B](#sup1){ref-type="supplementary-material"} and [Supplementary Movie S4](#sup1){ref-type="supplementary-material"}). Accordingly, R49A\* yielded a larger ΔΔ*G*° of +3.2 kcal mol^−1^, corresponding to a loss in binding by a factor of 233 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S4C](#sup1){ref-type="supplementary-material"}).

![Close-up views of key interactions between the evolved β2--β3 hairpin loop of TBP6.7 and HIV-1 TAR based on the co-crystal structure. ΔΔ*G*° values from ITC analysis of R-to-A mutations are taken from [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. (**A**) R52 forms two hydrogen bonds to the Hoogsteen edge of Gua36; for clarity, some evolved amino acids in the β2--β3 loop are omitted. (**B**) R49\* forms a hydrogen bond with N7 of Gua28 and a salt-bridge to its non-bridging phosphate oxygen. (**C**) R47 forms two hydrogen bonds with the Hoogsteen edge of Gua26, as well as hydrogen bond and salt-bridge interactions to the Uri23 phosphate. Cation--π interactions and buried surface areas for each arginine are described in [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}.](gky529fig3){#F3}

Although R47 is present in the U1A sequence (Figure [1B](#F1){ref-type="fig"}), it does not contact U1hpII RNA ([@B23]). In contrast, R47 of TBP6.7 makes the most extensive number of contacts with TAR forming an 'arginine fork' ([@B74]) wherein NH1 and NH2 hydrogen bond to O6 and N7 of Gua26, while Nϵ and NH2 hydrogen bond and salt-bridge to Uri23 O5′ and its *pro*-R~p~ oxygen (Figure [3C](#F3){ref-type="fig"}). The R47 guanidinium is sandwiched simultaneously between bases from Ade22 and Uri23 to form cation-π stacks ([Supplementary Figure S5C,D](#sup1){ref-type="supplementary-material"}). As anticipated, R47A produced a large ΔΔ*G*° of ∼+3.8 kcal mol^−1^ corresponding to a loss in binding by a factor \>600 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). The magnitude of this loss makes it tenuous to relate specific energetic contributions to the structure. An estimated 324 Å^2^ of buried area is ablated by this mutation---nearly double that of R52A ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). For a more conservative change, we examined R47K, which gave a ΔΔ*G*° of +3.4 kcal mol^−1^ corresponding to factor of 327 in lost binding ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). K47 could theoretically preserve salt bridge formation between its Nϵ and the Uri23 phosphate, as well as cation-π stacking, but hydrogen bonding to Gua26 and O5′ of U23 seem unlikely. From this analysis it is clear that R47 is of paramount importance for TAR binding, and that the positive charge of lysine is insufficient to attain optimal readout.

Our collective mutagenesis results support the crystallographic observations, revealing three tiers of TAR recognition corresponding to explicit modes of arginine readout with distinct free-energy profiles. MD simulations of the TAR--TBP6.7 complex support the dynamics of the observed arginine--TAR interactions with higher maintenance of binding occupancy in more solvent-excluded regions ([Supplementary Figure S6A--C](#sup1){ref-type="supplementary-material"}). The simulations not only illustrate the feasibility of interactions to TAR in the context of full-length TBP6.7, but also in the context of the minimal β2--β3-loop peptide. An analysis of the other classes of interactions (ii) through (iv) demonstrated the roles of other evolved β2--β3 loop residues in TAR recognition, their maintenance of a loop conformation productive for RNA binding, and the dispensability of the lab-evolved C-terminus for TAR readout. The co-crystal structure also provides a strong rationale for the binding affinities of various TAR mutants that were generated previously by our lab to probe sites of TBP6.7 interaction with the RNA. These analyses are provided in the [Supplementary Results](#sup1){ref-type="supplementary-material"}.

Short β2--β3-loop peptides retain TAR binding as fusion proteins {#SEC3-4}
----------------------------------------------------------------

The observation that a single, short peptide comprising a lab-evolved loop is sufficient for TAR recognition (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"} and [Supplementary Movie S4](#sup1){ref-type="supplementary-material"}) has implications for the development of a minimal RNA binding module. To further test this possibility, we fused β2--β3-loop residues L41-F59 (Figure [4A](#F4){ref-type="fig"}) inside the eCPX protein. The eCPX-β2--β3-loop-*cMyc* tagged protein was displayed on the surface of *E. coli*, followed by incubation with Cy5-labeled TAR and a FITC-conjugated anti-cMyc antibody (to measure display efficiency). Upon washing to remove unbound antibody and RNA, we observed a distinct population of bacteria by cell sorting that binds both the FITC-labeled antibody (display) and Cy5-labeled RNA (TAR binding) (Figure [4B](#F4){ref-type="fig"}, *upper*); in contrast, a 'no display' control is devoid of this population (Figure [4B](#F4){ref-type="fig"}, *lower*). We next prepared a display protein comprising β2--β3-loop residues L41-F59 fused to the C-terminus of SUMO to facilitate overexpression in *E. coli*. The ability of the SUMO fusion to bind TAR or an off-target (CUG)~10~ (i.e. a disease-relevant, guanine-rich RNA hairpin with bulged U) was measured by ELISA. As expected, SUMO alone shows comparatively low levels of binding. In contrast, the SUMO fusion binds TAR, but has less affinity for (CUG)~10~ (Figure [4C](#F4){ref-type="fig"}). The results collectively demonstrate that the lab-evolved β2--β3 loop retains TAR binding outside the context of TBP6.7 when presented as a fusion protein.

![Cartoon depiction of the β2--β3-loop peptide supersecondary structure and retention of TAR binding by β2--β3-loop peptides outside the context of TBP6.7. (**A**) Diagram illustrating hydrogen bonds within the close-packed β-strand core (transparent surface and yellow amino acids) and loop (orange amino acids) of the TAR--TBP6.7 complex. Key TAR-binding arginines are shown, as well as wild-type and evolved amino acids that contribute peptide stability. (**B**) Fluorescence activated cell-sorting analysis of TAR binding. (*Upper*) A fusion protein expressed on the *E. coli* surface harbors the TBP6.7 β2--β3-loop peptide from A. (*Lower*) Display and TAR binding control using only *E. coli*. (**C**) ELISA analysis of TAR binding by SUMO (control) and a SUMO-β2--β3-loop fusion protein harboring the sequence from A; off target (CUG)~10~ RNA is used as a binding control. (**D**) Schematic drawing of conformationally-constrained *peptide***1** derived from the sequence in A, except cysteine termini were added (red) for conjugation to polyfluorinated biphenyl. (**E**) Titration of *peptide***1** into 2-aminopurine-labeled TAR produces changes in fluorescence emission at 390 nm. Filled circles represent the experimental data resulting from three independent measurements. The smooth curve shows the fit of a one-site-binding model, which gave the apparent *K*~D~ with standard deviation shown. (**F**) Graphed densitometry data of HIV-1 TAR--Tat-dependent transcription in HeLa nuclear lysate and inhibition by *peptide***1s** or TBP6.7. *P* values from *t* tests are: 100 μM, *P* = 0.040; 20 μM, *P* = 0.028; 2 μM, *P* = 0.055 and 10 μM TBP6.7, *P* = 0.013. \**P* \< 0.05 is significant and *P* \> 0.05 is not significant. (**G**) Representative densitometry signals for TAR--Tat-dependent transcription in HeLa nuclear extract, and suppression of transcription by *peptide***1s** or TBP6.7. For C and F, data are plotted as the mean of three separate experiments with corresponding standard errors of the mean. An intact gel used in F and G is provided ([Supplementary Figure S9](#sup1){ref-type="supplementary-material"}).](gky529fig4){#F4}

Constrained peptides comprising the lab-evolved β2--β3 loop bind TAR and suppress Tat-dependent transcription {#SEC3-5}
-------------------------------------------------------------------------------------------------------------

To test whether the β2--β3 loop serves as a standalone TAR recognition module, we synthesized a short, covalently-constrained peptide (i.e. *peptide***1**) comprising only the lab-evolved loop sequence flanked by strands β2 and β3, as observed in the co-crystal structure (Figure [4A](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"} and [Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). Because ITC can require large quantities of material, we used a sensitive fluorescence emission assay ([@B45]). Our results indicate that *peptide***1** binds 2-aminopurine labeled (2AP)-TAR with a *K*~D,App~ of 1.8 ± 0.5 μM (Figure [4E](#F4){ref-type="fig"}). Control experiments in which TBP6.7 binding to (2AP)-TAR was measured by fluorescence and ITC revealed close agreement of *K*~D,App~ values, demonstrating methodological consistency ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"}). However, a 3.2-fold loss in affinity was observed for TBP6.7 recognition of (2AP)-TAR relative to the wild-type RNA ([Supplementary Table S1](#sup1){ref-type="supplementary-material"} and [Supplementary Figures S4A and S8B, C](#sup1){ref-type="supplementary-material"}), suggesting that *peptide***1** binding to TAR could be tighter than indicated by our fluorescence measurements. Our findings demonstrate that *peptide***1** is a standalone RNA binding motif that recognizes TAR outside the context of TBP6.7.

We then tested the ability of a shorter *peptide***1** variant (i.e. *peptide***1s** of [Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}) to target TAR using a known functional assay. Here efficient transcription from the HIV-1 5′-LTR requires an unfettered TAR--Tat interaction. Assays were conducted in HeLa nuclear extract to provide the endogenous transcription machinery. Exogenous Tat was required for efficacious production of the ∼500 base transcript. Reactions lacking plasmid template and Tat, or without Tat, generated low levels of product (Figure [4F](#F4){ref-type="fig"}, lanes I and II). In contrast, reactions containing template and exogenous Tat generated comparatively high levels of transcription product (Figure [4F](#F4){ref-type="fig"}, lane III). When template, exogenous Tat, and various concentrations of *peptide***1s** (100, 20 or 2 μM) were added, we observed concentration-dependent decreases in transcript production (Figure [4F](#F4){ref-type="fig"}, lanes IV--VI). Statistically significant reduction occurred at 100 and 20 μM concentrations. In three separate experiments, addition of 100, 20 or 2 μM of *peptide***1s** resulted in approximately 70%, 65% or 40% suppression of transcription product (Figure [4G](#F4){ref-type="fig"}, lanes 4--6 and [Supplementary Figure S9](#sup1){ref-type="supplementary-material"}). Consistent with our previous findings ([@B21]), 10 μM TBP6.7 inhibits TAR--Tat-dependent transcription (Figure [4F](#F4){ref-type="fig"}, lane VII and Figure [4G](#F4){ref-type="fig"}, lane 7). The results imply that *peptide***1s** mimics the β2--β3 loop of TBP6.7 and serves as a minimal TAR recognition peptide capable of restricting an essential viral activity.

TAR conservation and comparison of β2--β3-loop interactions to an antiviral peptide {#SEC3-6}
-----------------------------------------------------------------------------------

We next asked whether the β2--β3 loop of TBP6.7 targets conserved regions of TAR. Overall the S1b stem reveals high conservation whereas S1a and the apical loop exhibit comparatively greater variation (Figure [5A](#F5){ref-type="fig"}). In contrast, the central bulge is conserved poorly, consistent with the extrusion of bases 24 and 25 into solvent (Figure [5A](#F5){ref-type="fig"}, *lower*). The conservation map further reveals that each guanine base recognized by the evolved β2--β3 loop is invariant (Figure [5A](#F5){ref-type="fig"}, *upper*). As such, peptides harboring the β2--β3 loop have the potential to target a broad viral population. In this context, we then asked how TAR--TBP6.7 recognition compares to the well known L-22 antiviral peptide, which shows high affinity for TAR (*K*~D,App~ ∼30 nM) and was developed using structure-based design ([@B17],[@B75]), as compared to lab-evolution used here.

![HIV-1 TAR conservation and comparison of the TAR--TBP6.7 complex to a known antiviral cyclic peptide. (**A**) (*Upper*) Sequence conservation for representative circulating forms of HIV-1 depicted as a web-logo diagram. Blue represents greatest conservation and red indicates poor conservation. (*Lower*) Cartoon diagram of the TAR--TBP6.7 complex with web-logo sequence conservation heat mapped onto the RNA. (**B**) The TAR--L-22 complex (PDB entry 2kdq) ([@B17]) reveals interactions distributed throughout the RNA-peptide interface, which yields a shape-complementarity score (*S*~c~) of 0.60, indicating a high degree of interlocking surface. (**C**) The TAR--TBP6.7 complex shows a clustered trio of arginines that recognizes three highly conserved guanosine nucleotides by hydrogen bond, salt-bridge and cation-π contacts (Figure [3](#F3){ref-type="fig"} and [Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Here, the *S*~c~ score is 0.79 for the co-crystal structure and 0.76 for the isolated β2--β3 loop peptide shown. These scores are comparable to the nearly ideal *S*~c~ score of 0.84 measured for the U1A--hpII interface. The Uri23•Ade27-U38 triple is intact in the presence of a canonical Cyt30--Gua34 pair located in the apical loop.](gky529fig5){#F5}

L-22 is a highly basic, cyclic peptide comprising a β-hairpin that fully traverses the TAR major groove, where it is buried partly by apical-loop bases Gua34 and Ade35 while abutting Cyt24 of the bulged loop (Figure [5B](#F5){ref-type="fig"}). Specificity appears to be driven by hydrogen bonding and electrostatic interactions. R3 reads N7 of Ade22, R5 reads the Gua28 Hoogsteen edge, and R8 interacts with O2 of Cyt30 and N7 of Gua34. R1, R3, K6 and R9 form salt bridges to the backbone, and the R5 and R11 guanidinium groups form cation-π stacks with Ade27 and Ade35 (Figure [5B](#F5){ref-type="fig"}). In these respects, L-22 runs a gamut of interactions with conserved and non-conserved nucleotides. In contrast, TBP6.7 recognizes only a single apical loop base (Ade35) while avoiding the bulged loop in favor of conserved nucleobases (Figure [5C](#F5){ref-type="fig"}). The finding that TBP6.7 clusters all three of its β2--β3 loop arginines (i.e. R47, R49\* and R52) to recognize S1b guanines at positions 26, 28 and 36 is distinctive compared to L-22; the latter peptide displays a more distributed set of interactions (Figure [5B](#F5){ref-type="fig"}, [C](#F5){ref-type="fig"}).

Interestingly, recent evidence points to a TAR--L-22 conformation that demonstrates the feasibility of 'clustered' arginine recognition by this cyclic peptide. Metadynamics simulations revealed R3, R5 and R8 poised to recognize Gua26, Gua28 and Gua34 in the TAR--L-22 complex ([@B64]). Remarkably, this conformer was detected in only 7% of the population wherein TAR exhibited an apo-like fold. Moreover, Cyt24 changed position with Uri25--the least conserved base--to yield 'non-native' backbone and R5 contacts integral to L-22 recognition ([@B64]) ([Supplementary Figure S10](#sup1){ref-type="supplementary-material"}). In this respect, the TAR--TBP6.7 complex demonstrates that major-groove peptide recognition by a close-knit cluster of arginines is compatible with formation of the central A23•A27--U38 triple, as well as a canonical Cyt30--Gua34 pair in the apical loop that heretofore was absent in known TAR--peptide complexes. This comparison also highlights how two high-affinity RNA-binding peptides employ diverse modes of readout to recognize the same target. This finding parallels natural adaptations used by diverse gene-regulatory RNAs to detect a common small-molecule effector ([@B76],[@B77]).

DISCUSSION {#SEC4}
==========

Identifying sequence-selective molecules that target disease-relevant RNAs remains a daunting and significant challenge ([@B75],[@B78]). HIV-1 TAR continues to be the focus of drug discovery efforts due to its high degree of sequence conservation and critical roles in the viral lifecycle. To identify and explore innovative methods to target TAR, we pursued a fundamentally different 'semi design' approach that relied on lab evolution of putative RNA-binding regions starting with naturally occurring RRM1 of the U1A spliceosomal protein. Although our efforts led to the discovery of potent new TAR-Binding Proteins (TBPs) ([@B21]), details of molecular recognition were unknown, thus limiting our ability to fully exploit this breakthrough and the associated methodology. Because separate sequences in the U1A β2--β3 loop and C-terminus underwent saturation mutagenesis (Figure [1B](#F1){ref-type="fig"}), we recognized the potential of these regions to function alone or synergistically in RNA recognition. Moreover, it was unclear if existing RNP amino acids were involved in TAR binding and whether such binding was restricted to single-stranded RNA regions---the RRM rule rather than the exception ([@B82]).

To directly assess the underlying mode of HIV-1 TAR molecular recognition by TBP6.7, we determined the co-crystal structure of the RNA-protein complex at 1.80 Å resolution, which represents the first high-resolution crystal structure of intact TAR. Prior work on apo TAR deleted the apical loop or utilized complexes that restricted the resolution to 5.9 Å ([@B83],[@B84]). Our structure and experimental analyses complement this work and reveal three new findings: (i) a lab-evolved β2--β3-loop is sufficient to bind TAR outside the context of TBP6.7 when displayed on bacteria, fused to SUMO or as a conformationally constrained peptide; (ii) the lab-evolved RRM recognizes the TAR major groove and (iii) the mode of TAR--TBP6.7 readout differs from a well known class of antiviral cyclic peptides. These outcomes have broader ramifications that strengthen our understanding of RNA-peptide recognition, the methods used to identify such complexes, and the theoretical diversity of RNA-RRM interactions in biology.

HIV functional cure efforts are focused on eradication of latent viral reservoirs ([@B20],[@B24]). In this respect, the TAR--TBP6.7 complex represents a positive step toward understanding the detailed molecular interactions required to target a key viral RNA with the specificity and affinity needed to suppress proviral DNA transcription. Indeed, mutation of each β2--β3-loop arginine reduced TBP6.7 affinity for TAR by two orders of magnitude confirming that the guanidinium groups are significant determinants of affinity. Moreover, peptides comprising the β2--β3-loop resist binding to off-target (CUG)~10~ hairpin RNA when fused to SUMO, and retain binding to TAR as fusion proteins or as constrained peptides (Figure [4B,C](#F4){ref-type="fig"} and [E](#F4){ref-type="fig"}). An extraordinary finding is that *peptide***1** binds TAR with a *K*~D,App~ of 1.8 ± 0.5 μM (Figure [4D](#F4){ref-type="fig"}, [E](#F4){ref-type="fig"}), which could be a three-fold underestimate based on control experiments ([Supplementary Figure S8](#sup1){ref-type="supplementary-material"} and [Supplementary Table S1](#sup1){ref-type="supplementary-material"}). This suggests between 200- and 700-fold loss in *peptide***1** binding to TAR compared to TBP6.7. This reduction is reasonable considering that the β2--β3 loop contributes slightly less than two-thirds of the total buried area in the TAR--TBP6.7 interface. Perhaps more significantly, MD simulations of the constrained TAR--(β2--β3-loop) peptide complex revealed higher flexibility and lower occupancy of amino acids at the interaction interface compared to intact TAR--TBP6.7 ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). TBP6.7 maintained a tightly packed protein core that did not persist in MD simulations of the β2--β3-loop peptide, despite the addition of a harmonic restraint representative of the perfluoroaryl linkage. Likewise, the observation that *peptide***1s** required 20--100 μM to significantly inhibit transcription is consistent with its truncated β-strand core and the requirement of TAR binding in a complex solution of nuclear lysate (Figure [4F](#F4){ref-type="fig"} and [G](#F4){ref-type="fig"}). These observations illustrate the importance of a stable peptide core.

Future efforts to improve *peptide***1** binding to TAR could entail grafting the lab-evolved β2--β3 loop onto a stable β-hairpin ([@B85]). Our observations further suggest that the isolated β2--β3 loop would benefit from additional maturation by our semi-design approach ([@B21]). Another implication of our work is that next-generation semi-design methods can be simplified by focusing saturation mutagenesis solely on the β2--β3 loop of U1A RRM1, which proved to be the salient determinant of RNA binding here. With this in mind, it is useful to consider natural modes of double-stranded RNA recognition by RRMs. Such a comparison provides perspective for our current findings while potentially expanding the number of parental RRMs for use in lab-evolution experiments.

Although rare, some RRMs engage in sequence-specific recognition of the RNA major-groove. In this respect, TBP6.7 most closely resembles the RBMY protein, which uses RNP amino acids to interact with the single-stranded hairpin loop of its target while simultaneously employing an extended β2--β3 loop to recognize the major-groove ([@B86]) (Figure [6A](#F6){ref-type="fig"}). Like TBP6.7, RBMY uses hydrogen bonds and salt bridges to read specific bases and the phosphate backbone of its target. However, RBMY major-groove recognition is limited in scope compared to the trio of arginines and other interactions utilized by TBP6.7. Whereas RBMY makes full use of its RNP residues to bind the C^A^/~C~AA pentaloop (Figure [6A](#F6){ref-type="fig"}), TBP6.7 recognizes only bulged Ade35, otherwise avoiding contact with the apical loop (Figure [2A](#F2){ref-type="fig"}--[C](#F2){ref-type="fig"} and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). Hence, TBP6.7 stands apart from RBMY due to its predominant use of double-stranded RNA recognition to achieve TAR binding.

![Representative atypical RRMs that recognize the RNA major groove. (**A**) Ribbon diagram of the human RBMY-C^A^/~C~AA pentaloop complex. Although this naturally occurring RRM uses classical single-stranded RNA recognition by RNP1 and RNP2 amino acids, its β2--β3-loop residues engage in modest double-stranded RNA readout (PDB entry 2fyi) ([@B86]). RNP residues are depicted as ball-and-stick models colored similarly to those of Figure [2A,F](#F2){ref-type="fig"}; idiosyncratic protein residues that recognize duplex RNA are colored lime green. (**B**) Ribbon diagram of the *Bacillus subtilis* YxiN protein in complex with 23S rRNA (PDB entry 3moj) ([@B87]). Salt bridges to the backbone and hydrophobic contacts form an array of complementary interactions between the RRM and the three-way helical junction major groove. RNP and β2--β3-loop residues are not used in RNA binding. (**C**) Ribbon diagram of the p65 C-terminal RRM (p65-C1ΔL2:S4) in complex with telomerase RNA stem IV (PDB entry 4erd) ([@B88]). An unusually long β2--β3 loop was truncated for structural studies but is dispensable for RNA binding. The atypical mode of double-stranded RNA binding utilizes a C-terminal α-helical extension that interacts with the major groove, along with idiosyncratic amino acids contributed from strands β2 and β3. Single- and double-stranded RNA recognition occurs without use of RNP amino acids.](gky529fig6){#F6}

A more divergent example of double-stranded RNA recognition is the bacterial YxiN protein, which belongs to the DEAD-box helicase family. YxinN uses a C-terminal RRM domain to bind the three-way helical junction of 23S rRNA (Figure [6B](#F6){ref-type="fig"}). Specificity is attained through shape complementarity between numerous basic residues that recognize the phosphodiester backbone ([@B87]). Gua2553 makes a pivotal interaction to the polypeptide mainchain in strand β2 but RNP residues and the β2--β3 loop do not contribute to binding ([@B87]). An even more divergent RRM is the C-terminal domain of p65 in which the signature RNP motifs and the β2--β3 loop are completely dispensable for major-groove recognition of telomerase stemloop IV RNA ([@B88]) (Figure [6C](#F6){ref-type="fig"}). Instead a helical extension recognizes the RNA single- and double-strand features using aromatic stacking, base-specific readout of bulged Gua121 and Ade122 by D409 and R465 in strands β2 and β3, and salt-bridge contacts to the phosphate backbone. In the three diverse instances examined, no comparable constellation of arginines reads the RNA major groove in the manner observed for the TAR--TBP6.7 complex. It remains to be seen whether other lab-evolved TAR binding proteins (e.g. TBP6.9) ([@B21]) utilize a fourth β2--β3 loop arginine to recognize another major-groove base, or if these residues are relegated to backbone interactions like many of the basic residues in the atypical RRMs (Figure [6](#F6){ref-type="fig"}).

An unanticipated finding of the TAR--TBP6.7 interaction is that the lab-evolved RRM was transformed into a double-stranded RNA binding module. This was unexpected especially because parental U1A uses a predominantly single-stranded mode of U1hpII recognition ([@B23]) and TAR possesses two prominent single-stranded regions (Figure [2C](#F2){ref-type="fig"}). RRM plasticity has been noted previously when comparing U1A to homologous U2B″. Indeed, a difference of only three amino acids and two nucleobases in the target reorganizes hydrogen-bond networks leading to altered RNA specificity ([@B89]). Here, as few as five amino acid changes to the U1A β2--β3 loop imparted high-affinity binding to TAR with no appreciable recognition of U1hpII or homologous BIV TAR ([@B21],[@B90]). These observations prompted us to consider how many changes are needed to co-opt a biomolecular scaffold---roughly the size of an RRM domain---for a new biological function.

Indeed, exaptation plays a prominent role in evolution ([@B91]) that is relevant to the principles of semi design espoused here (Figure [1B](#F1){ref-type="fig"}). For example, endogenous retrovirus (ERV) envelope (Env) proteins have been exapted for placental morphogenesis in mammals ([@B92]). One of these 'enslaved' ERV proteins, human syncytin-1, maintains cell-cell fusion function but lacks the immunosuppressive activity characteristic of ERV Env ([@B93]). Using a structure-guided approach based on Mason-Pfizer Monkey Virus Env, only two amino acid mutations were needed to restore syncytin-1 immunosuppression while maintaining fusogenicity. Such preservation seems extraordinary given millions of years since the original *env* gene capture event ([@B92]). Eye crystallins represent a different case in which housekeeping genes were co-opted to promote transparency and optical clarity of the lens. Remarkably, only four point mutations were required to restore the glutathione S-transferase activity of cephalopod S-crystallin, which was exapted from an ancestral GST ([@B94]). Minute numbers of base changes are also effective in reassignment of non-coding RNA functions. The *glmS* riboswitch requires only three mutations to supplant its glucosamine-6-phosphate cleavage-dependence with divalent ions ([@B95]). Eight additional changes co-opt a non-specific ion-binding site for Ca^2+^-dependent cleavage ([@B96]). More surprisingly, a change in effector specificity from cyclic-di-GMP to 3′,3′-cyclic-GMP-AMP can be achieved by a single base change in the Vc2 cyclic-di-GMP riboswitch aptamer. This result demonstrates the facility by which some riboswitches can acquire new ligand-binding properties in structurally homologous scaffolds ([@B97]). Collectively, these observations reinforce our findings that lab-based exaptation of U1A for TAR binding required only modest changes to the β2--β3 loop without altering the fundamental RRM fold (Figure [1B](#F1){ref-type="fig"} and Figure [2A,F](#F2){ref-type="fig"}).

CONCLUSIONS {#SEC5}
===========

Overall, our results provide a detailed molecular-level understanding of HIV-1 TAR recognition and energetics used by the lab-evolved protein TBP6.7. Molecular dynamics simulations and biochemical experiments indicate that the β2--β3-loop motif of TBP6.7 is sufficient for TAR binding, and short conformationally-constrained peptides thereof can bind TAR and suppress Tat-mediated transcription in a dose-dependent manner. Comparing the mode of TAR--TBP6.7 recognition to a known TAR-binding antiviral peptide revealed that different specificity determinants are used to target the same RNA. Double-stranded RNA recognition by TBP6.7 has parallels to a least one naturally occurring RRM that recognizes the major groove, although the majority of its contacts occur in the flanking single-stranded RNA loop. The juxtaposition of canonical single-stranded RNA recognition with diverse modes of duplex RNA binding suggests that the RRM motif could be of broad utility in lab-based evolution experiments. Our results further imply that new modes of RRM-mediated major-groove recognition exist in nature but have yet to be discovered.

DATA AVAILABILITY {#SEC6}
=================

Coordinates and structure factor amplitudes have been deposited into the Protein Data Bank as entry 6cmn.

Supplementary Material
======================

###### 

Click here for additional data file.

We thank Dr J.L. Jenkins of the Structural Biology & Biophysics Facility for helpful discussions. We thank Prof. B.L. Miller for helpful advice on peptide binding. We also thank Profs. S.E. Butcher and F.H. Allain for helpful RRM suggestions. Computer time was provided by the University of Rochester Center for Integrated Research Computing.

SUPPLEMENTARY DATA {#SEC7}
==================

[Supplementary Data](https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky529#supplementary-data) are available at NAR Online.

FUNDING {#SEC8}
=======

HIV RNA Biology SWG CFAR Pilot Award (to J.E.W.) from the University of Rochester Center for AIDS Research funded by National Institutes of Health \[P30AI078498\]; National Institutes of Health research awards \[GM107520 to B.R.M., GM076485 to D.H.M, RR026501 and GM063162 to J.E.W., and GM123864 to B.R.M. and J.E.W\]; National Institutes of Health training grants \[T32GM068411 and T32GM118283 to C.E.C.\]; Stanford Synchrotron Radiation Lightsource, which is funded by the National Institutes of Health \[GM103393 and RR001209\]; Department of Energy; Sontag Foundation (to B.L.P.). Funding for open access charge: NIH \[GM123864\].

*Conflict of interest statement*. None declared.
